L)

Check for

updates |

Research Article Vol. 13, No. 4/1 Apr 2022/ Biomedical Optics Express 2006 |

Biomedical Optics EXPRESS A

Regression-based neural network for improving
image reconstruction in diffuse optical
tomography

GANESH M. BALASUBRAMANIAM @ AND SHLOMI ARNON

Department of Electrical and Computer Engineering, Ben-Gurion University of the Negev, Be’er Sheva,

8441405, Israel
*ganesh@post.bgu.ac.il

Abstract: Diffuse optical tomography (DOT) is a non-invasive imaging technique utilizing
multi-scattered light at visible and infrared wavelengths to detect anomalies in tissues. However,
the DOT image reconstruction is based on solving the inverse problem, which requires massive
calculations and time. In this article, for the first time, to the best of our knowledge, a simple,
regression-based cascaded feed-forward deep learning neural network is derived to solve the
inverse problem of DOT in compressed breast geometry. The predicted data is subsequently
utilized to visualize the breast tissues and their anomalies. The dataset in this study is created
using a Monte-Carlo algorithm, which simulates the light propagation in the compressed breast
placed inside a parallel plate source-detector geometry (forward process). The simulated DL-DOT
system’s performance is evaluated using the Pearson correlation coefficient (R) and the Mean
squared error (MSE) metrics. Although a comparatively smaller dataset (50 nos.) is used, our
simulation results show that the developed feed-forward network algorithm to solve the inverse
problem delivers an increment of ~30% over the analytical solution approach, in terms of R.
Furthermore, the proposed network’s MSE outperforms that of the analytical solution’s MSE
by a large margin revealing the robustness of the network and the adaptability of the system for
potential applications in medical settings.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Diffuse optical tomography (DOT) is a non-invasive imaging technology that uses visible
and infrared light to identify tumors and other irregularities in human tissues [1,2]. DOT is
non-invasive, has deep penetration, and causes no harm to patients during screening compared
to other traditional imaging procedures such as X-ray mammography [3,4]. It is also far less
expensive than traditional procedures such as MRI imaging [5,6]. DOT for breast cancer imaging
has been explored in the past and found to have limited usefulness due to the scattering of visible
and infrared light by human tissue and phenomena like optical blurring. However, there have been
significant technological advances since then, such as increased computational efficiency leading
to the development of novel deep learning algorithms [7,8] and a better overall understanding of
the light propagation in tissues [9,10]. Due to this, DOT has found significant applications in
tissue property estimation [7,8,11—13] and breast tissue imaging [4,14—17]. Therefore, we hope
that it could be an effective, inexpensive, and safe screening method for a significant fraction of
the population at risk in the near future.

Typically, imaging with tomography involves two steps: a forward problem and an inverse
problem. The forward problem can commence when the bulk optical properties of the media
are known [11,12]. In the forward problem [13—15], a non-ionizing light with a spectral range
of 650 nm — 1100 nm is incident on the sample, and the tissue’s optical properties [7,15] are
probed using one of the three different tomographic models. These include continuous wave
(CW), time-domain (TD), and frequency-domain (FD) techniques [6,16—19]. The collected data
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using one or more of these modalities is then used to solve the inverse problem, which constitutes
the second step in tomographic imaging. The inverse problem is an algorithm that is solved to
accurately determine parameters such as the absorption and scattering coefficient of the medium,
the size, and shape of the impurities, and to detect other anomalies in the media. However, the
inverse problems used in DOT are solved using analytical methods, which are ill-posed, time
and processing power consuming, and without good performance. Therefore, combining a deep
learning algorithm with the inverse problem is urgent to improve performance.

Recent works have tried to mitigate these challenges by solving inverse problems using deep
learning algorithms [11,20]. It is very clear from the latest literature that solving DOT using deep
learning is faster, less complex, and more accurate [20-23]. This novel technology, which can
broadly be classified as “Deep learning diffuse optical tomography,” is becoming increasingly
popular and has found applications in biomedical imaging [24-26], especially in the field of soft
tissue imaging [11,23,27-29]. Jaejun Yoo et al. used a convolution neural network to invert
the Lippman-Schwinger integral to solve DOT [20]. Here, a mean squared error (MSE) of
0.0049 +0.0012 and a Pearson coefficient (R) of 0.5657 are achieved. Hanene Ben Yedder et al.
proposed a deep learning algorithm that can reconstruct images directly from DOT projection
data with an MSE of 0.02 +0.03 and a structural similarity index (SSIM) of 0.46 + 0.28 [21].
Furthermore, in a follow-up paper [23], an additional loss and transfer learning procedure
were applied, and an enhancement was observed. In more recent work, a deep learning U-Net
architecture has recently been developed in our lab to reconstruct detected anomalies in simulated
compressed breast tissue using reflection tomography. Here, it is shown that deep learning
algorithms enhance image reconstruction by ~55% [30]. In all the works mentioned above,
the use of neural networks consistently outperforms the analytical solution approach. However,
because of the intricate data models, DL requires a large quantity of data to function better
than other algorithms, and it is somewhat expensive to train. DL models also need the usage of
expensive GPUs and hundreds of workstations, raising the application’s cost dramatically. Hence,
a less complex but computationally efficient algorithm is required to solve inverse problems in
DOT.

Over the past few years, regression-based feed-forward networks have been used for lung cancer
classification [31], computed tomography [24,32], MRI imaging [25], and compressive sensing
[33], with excellent results. A feed-forward network works by treating the forward process as a
black box, reducing the system’s complexity by using some form of initial mapping. The network
then regresses to the error term by optimizing network parameters. Since regression-based
algorithms are more dependent on the data points in each simulation, there is no need to create a
large dataset, which saves time, and the simplicity of these systems makes them computationally
efficient. However, such networks have not yet been implemented in diffuse optical tomography
to the best of our knowledge. Therefore, this article designs a simple feed-forward network to
solve the diffuse optical tomography problem in a compressed breast geometry to tackle this
problem. The proposed neural network is more accurate and reduces the computational load on
the system. The proposed approach, the neural network, and the network training methodology
are described in section 2. Section 3 describes the image reconstruction process and discusses
the results, and we end with the conclusions in section 4.

2. Solving the inverse problem of DOT using cascaded feed-forward networks

Solving the inverse problems in DOT requires complex solutions to complicated differential
equations in the spatial, temporal, and spectral domains. Therefore, a cascaded feed-forward
approach is proposed in this section to reduce the complexity of the DOT system and make the
system faster. An introduction to the forward problem, the planned methodology to solve inverse
problems in DOT, and the proposed feed-forward neural network architecture are described in
this section.
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2.1. Forward and inverse problems in DOT: Simulating light propagation in tissues

The imaging and detection modality in DOT is based on the behavior of diffuse and multi-scattered
photons when they travel through turbid media. The behavior of such photons is defined by the
radiative transport equation given by [9,10,34]:

dJEzr’ 2 - ~(a + 1) (rs) + 2 T pls. s M. Mo M
s 4

where J(r, s) is the radiance in W em™2 srl, p(s,s’) is the probability density function of a
photon to be scattered from the direction s’ to s, ds is infinitesimal path length and dw’ is
the elementary solid angle about the direction s’. u, and u, are the absorption and scattering
coefficient, respectively. However, Eq. (1) is difficult to solve analytically, and it is complicated
further by the inability to separate the coherent and incoherent terms in the equation. Therefore,
photon behavior in turbid media can be analyzed using the diffuse approximation, given by:

op(r,t)
cot

+ ta$(r, 1) = V.[DVP(r, )] = S(r,1) (@)

where D is the diffusion term defined as D = 1/3(u; + p,) and S(r, t) is the source term assumed
to be isotropic. In the diffuse approximation, the assumption is that the reduced scattering
coefficient is much greater than the absorption coefficient, the source-detector location is large
enough, and the thickness of the sample is very large (> 10 times the mean free path.). The
radiance is expressed as a weighted sum of the photon fluence rate (¢), which is the integral of

the radiance over the entire solid angle, and the current density, 7(r, t) defined as the net energy
flow per unit area per unit time (). Using Eq. (2) in the spatial, temporal, and spectral domains, a
tomographic forward problem can be simulated using the finite element or Monte-Carlo methods
[13-15,35].

The medium’s optical parameters and spatial distribution of the optical properties are
reconstructed from the simulated signals obtained from the forward problem. Reconstruction
problems in DOT are part of a larger category of problems known as inverse problems [36],
which have the following basic form:

Find x € X fromdatay =A(x)+ 6, yeY 3)

where X is the optical parameters space, Y is the measurements space, A is the propagation model
of photons convolved with the optical component response, and ¢ is the noise mechanism in the
system. In DOT, Eq. (3) refers to the mapping between the optical properties of the media to the
amplitude, phase, or time signals registered by the detectors.

Traditionally, inverse problems have been solved using iterative analytical methods [14,15,36,37].
However, large-scale application of high-quality DOT image reconstruction is yet to be accom-
plished since the technique requires a lot of processing power and spatio-temporal data, both of
which are currently unavailable. Furthermore, the dearth of ballistic photons combined with the
loss of imaging information due to repeated scattering occurrences creates a non-linear, ill-posed
inverse problem, necessitating appropriate solutions to complete this difficult task. As a result,
we propose a hybrid technique for tackling DOT inverse problems using a simple deep learning
algorithm in the following sub-section.

2.2. Proposed methodology to solve inverse problems in DOT

In this study, we propose a simple deep learning neural network to solve inverse problems in
DOT for the given dataset. The dataset is generated using a forward problem where the forward
problem using the given bulk optical properties are simulated using the ValoMC software [13]
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(Monte-Carlo method). The simulated compressed breast tissues are modeled using the optical
properties [12,38], and a test object of varying sizes is placed at random locations within the
compressed breast. A parallel plate geometry is used in this study. The schematic of the proposed
process is shown in Fig. 1.

MEASURE OUTPUT CALIBRATION AND
MONTE-CARLO INTENSITY AT CALCULATING THE
SIMULATIONS DIFFERENT SOURCE FLUENCE AT EACH
DETECTOR LOCATIONS ELEMENT IN THE MESH
| Smﬁusl:-rwﬁ[;: :E::T PREPROCESSING AND
OBIECT NORMALIZATION
S '
1 Y
ioss RECOVERED MESH
S NCTIEN WITH OPTICAL l«— CASCADED FEED-FORWARD NETWORK
PROPERTIES

Fig. 1. Schematic of the proposed deep learning diffuse optical tomography method.

The proposed operation proceeds as follows:

1. Mesh creation: ValoMC [13] software is used to create the compressed breast geometry
[39,40] and simulate light propagation in the tissue. The compressed breast tissue has the
dimensions of 120 mm X 40 mm X 40 mm (height X width X thickness), and the compressed
breast is modeled as an oblate spheroid of equatorial radius 60 mm and polar radius 40 mm,
compressed between the source-detector glass plates. The homogeneous breast tissue and
the test object (breast-tumor sphere) are given optical properties according to reference
[12,41] and are modeled as spheres of radii 3 mm — 6 mm. Up to six test objects of varying
radii but the same absorption and scattering coefficient are placed inside the breast tissue.
The optical absorption coefficient, the reduced scattering coefficient, and the scattering
anisotropy of the materials used in this manuscript are shown in Table 1.

2. Forward process and data creation: The light is propagated through the tissue containing
anomalies using a Monte-Carlo algorithm [13], and the output light is collected according
to the source-detector configuration shown in Fig. 2. The forward problem is implemented
in the same way as Ref. [42], with some modifications due to the mesh-based geometry and
path weighting differences. The Mersenne-Twister algorithm [43] is used to create random
numbers. The geometry used for this study is akin to the slab geometry [40]. This type of
geometry is chosen as it is one of the most common tomographic arrangements used in
medical imaging of compressed breast tissue. This arrangement allows us to thoroughly
illuminate the compressed breast tissue from both sides and collect the transmitted light.
Here, photons are emitted from one of the sources, and simulated data is collected at the
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detector locations on the opposite plane. The simulations are conducted using 20 million
photons for each simulation which are input as CW light. 50 simulated breast data are
used in this study.

3. Pre-processing: This process helps us mitigate one of the significant problems in image
reconstruction, which is the reconstruction algorithms’ inability to determine the interfaces
between various structures and the source-detector locations. Pre-processing the data
before the network training also allows us to use more significant amounts of data while
simultaneously reducing the load on the algorithm [44]. Moreover, calibrating and
normalizing the fluence values at the boundaries allows us to better approximate the
element fluence values and, hence, allows us to obtain better data. This, in turn, affects the
training algorithm.

4. Inverse process and anomaly detection by estimating the optical properties of the simulated
media: The calibrated output data is then fed to the cascaded feed-forward network. The
proposed deep learning algorithm works by having the calculated fluence of each element
in the mesh and determining the optical properties of anomalies present in the compressed
breast. An analytical solution [13,21] is also employed to check for enhancement.
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Fig. 2. a) The compressed breast geometry containing the spherical anomalies and b)
Source-detector configuration used for tomographic reconstruction in this study.

Table 1. Optical properties of the materials used in the manuscript [41].

S.No. | Tissue | Wavelength Absorption coeflicient Reduced scattering Scattering
(Hg) coefficient (1) anisotropy (g)
1. Breast 670 nm 0.011 £ 0.006 mm™! 1.22 +0.039 mm™! 0.90
2. Tumor 670 nm 0.0036 = 0.008 mm ™! 0.84 +£0.04 mm™! 0.97

The proposed neural network is described in the next section

2.3. Cascaded feed-forward neural networks to solve inverse problems in DOT

Regression-based feed-forward networks work by determining the correlation between a dependent
variable (element fluence, boundary fluence) and one or more independent variables (absorption
and scattering coefficient). Unlike conventional regression models that do not fit the data perfectly,
feed-forward neural networks are adaptable and can dynamically pick the best type of regression.
Moreover, skip connections and hidden layers can be added to strengthen the regression model.
The workflow of a regression-based cascaded feed-forward network is shown in Fig. 3.
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Fig. 3. Workflow of the proposed neural network. A rough approximation of the optical
properties is achieved utilizing the simulated measurements. Then, It is residually connected
to the network, which refines it and allows for a more accurate prediction and reconstruction.

In the cascaded feed-forward neural network architecture shown in Fig. 4 (a), a network with
seven hidden layers is considered with a single output-input vector. The normalized dataset,
obtained by calculating the fluence of every element in the mesh from the boundary output values,
enters the first hidden layer with three neurons, where the algorithm adds weights and biases to the
input and initiates the regression problem. Additional weights and biases are added in the further
hidden layers with four, six, two, two, siX, and three neurons, respectively (Fig. 4 (a)). Since each
simulated breast tissue contains information from many voxels, additional skip connections are
provided to every layer to form a fully-connect neural network for better feature extraction and
add additional weights in the hidden layers. The structure of the neuron is represented in Fig. 4 b.
The Levenberg-Marquardt (LM) function is used to train the feed-forward network, determine
the weights and biases, and estimate the network parameters with a learning rate of 0.0001 [45].
The LM bridges the gap between the Gauss-Newton (GN) function and the gradient descent
approach. Because the LM is more durable than the GN, it can often find a solution even when it
starts very far from the final minimum. Also, when compared to first-order backpropagation
approaches, the LM function frequently converges quicker.

The network is trained for 60 epochs, and the results of the proposed network and the training
mechanism are described further in the next section. The proposed algorithm reduces the
computational burden by mapping the input to physically possible solutions in the same space as
the desired solution. Furthermore, the network output can be residually connected to the estimate
instead of directly reconstructing based on the estimated inverse, which significantly enhances
the regression process.
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Fig. 4. a) Cascaded feed-forward network used to solve inverse problems in this study. b)
Skip connections are also provided from one hidden layer to every other hidden layer and
the output layer. The output layer is shown here, which is also the general structure of a
neuron in the network.

3. Results and discussions

The neural network is built and trained on a computer with an i9 series 9900k processor with
two NVIDIA GeForce RTX 2080Ti graphics processors. The network is trained for 60 epochs
using the simulated compressed breast tissues with test objects. The simulated data from light
propagation in the compressed tissues is taken for 50 breasts with up to 6 test objects of varying
sizes as described in section 2.2 are placed in each breast. A total of 50 breast simulations
were conducted. Forty-five of the simulated data are used for training (38 for training and 7 for
validation), and the remaining five breast datasets are used for testing. The mean squared error
(MSE) loss function is employed, and the Pearson correlation coefficient (R) is used to check
the correlation between the neural network’s predicted values and the ground truth. The model
inputs are the approximate elemental fluence of all elements that are roughly calculated from
the boundary fluence values. The model output is the predicted absorption coefficient values.
Moreover, a 2% Gaussian noise was added to the simulated forward problem to mimic the noise
and aberrations that might arise due to experimental hardware. The absorption coefficient and
the fluence values are normalized using the min-max method to fix all the values between 0 and 1.
Figure 5 shows the correlation of the analytical solution and the proposed cascaded feed-forward
network to the ground truth values.
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Fig. 5. Correlation graph for predicting the absorption coefficient of the background tissue
and the test objects. The values on the x-axis show the normalized absorption coefficient of
the simulated breast tissues with anomalies, and the y-axis shows the predicted absorption
coeflicient by the analytical solution and the regression neural network. The data points
represent the mean predicted values by the analytical solution (red) and the regression neural
network (blue).

The regression network provides a correlation of 0.692 + 0.023 compared to 0.534 +0.037
when the analytical solution is used to solve the inverse problem. The better performance of
the neural network method can be attributed to factors like the computational limitations of the
analytical solution, which is heavily dependent on the location of the test objects and fluence
mismatches created at the boundaries of the compressed breast-glass plate interface. These
effects are minimized when the neural network approach is used. However, it has to be noted
that using this method, one must be careful with the elemental mesh size and the size of the
test objects. Too many data points may cause overfitting, and very few data points (large voxel
size) may cause underfitting. Also, if the test objects are too small, it may lead to inaccuracies
in determining the absorption coefficient. This is because the regression algorithm requires a
certain amount of fluence distribution data for each absorption coefficient value to regress to the
ground truth values.

Also, a performance of 0.0265 +0.0042 is observed in terms of the MSE when the neural
network method is used. The training graphs for the system’s performance are shown in Fig. 6.
Each training iteration takes around 45 seconds to complete in terms of the computation time.
Moreover, due to the bulk nature of the simulated breast tissues and the vast number of data points,
the training performance converges around the 15 epoch mark. Therefore, ideally, each training
phase takes about 11 minutes. However, unlike the analytical solution approach, the regression
network can be trained in advance before validating new breast simulations, significantly reducing
the time to detect anomalies in compressed breast tissues.
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Fig. 6. Training graphs for the performance of the proposed neural network to solve the
inverse problem in compressed breast tissues.

Following the training process, 5 different compressed breast tissues were used for validation,
and the predicted data obtained using the analytical solution and the proposed neural network
is fed to the ValoMC [13] software to visualize the reconstructed image. Figure 7 (a) shows
the ground truths. The image reconstructions using data from the analytical solution and the
proposed neural network are shown in Fig. 7 (b) and Fig. 7 (c), respectively. From Fig. 7, it can
be seen that the analytical solution approach used to solve the inverse problem and reconstruct
objects suffers from loss of resolution and contains significant errors. The sizes of the test objects
are also not reconstructed accurately, and substantial blurring is observed at the boundaries of the
test objects. Due to these factors and the ill-posedness of the analytical solution, this approach
delivers a high and unsatisfactory MSE of 0.0612 +0.039. In stark contrast to the analytical
method approach, the proposed neural network algorithm delivers an excellent MSE value of
0.0265 £ 0.0042 compared to the analytical solution approach. The image reconstruction is
much smoother when the proposed cascaded feed-forward neural network data is used, clearly
evident in Fig. 7 (c). The reconstructed breast boundaries are well defined, and the test objects of
different sizes are accurately reconstructed in terms of location and size. Upon closer inspection,
it is also clearly noticeable that the predicted absorption coefficient values are closer to the given
absorption coefficient values (ground truths) when the proposed regression network is used,
which shows the well-posedness of the deep learning algorithm to solve inverse problems for
DOT and provide accurate data for image reconstruction.

On the other hand, the neural network approach has some limitations and difficulties. Aside
from being very dependent on the dataset and network settings, the fundamental challenge with
this type of research is that training a deep learning network using real-time experimental data is
challenging due to the near impossibility of collecting such a vast quantity of experimental data.
As a result, most deep learning techniques for DOT are trained on simulated datasets, resulting
in precision and accuracy trade-offs in real-world studies. However, as can be seen from the
article published by Jaejun Yoo et al. [20], it is possible to train the deep learning neural network
using simulated datasets and still get excellent and accurate results when real tissues or phantoms
are used. Therefore, simple, regression-based, end-to-end deep learning algorithms may be
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Fig. 7. T and II show the different breast tissues used to validate the neural network. The
reconstructed absorption coefficients are shown. a) Shows the ground truths. b) Shows the
image reconstruction by the analytical solution. c¢) Shows the image reconstruction by the
neural network.

used to tackle inverse problems in DOT, and novel imaging and deep learning techniques can be
developed to bring this optical imaging modality closer to real-time experimental procedures, as
the findings of this study reveal.

4. Conclusions

This study investigated the potential use of feed-forward networks to solve inverse problems in
DOT in compressed breast tissues. The results indicate that the cascaded feed-forward neural
network algorithms are well-posed to solve inverse problems in DOT. Apart from being simple
and consuming less time than other existing neural network methods, our proposed approach
also delivers an excellent MSE of 0.0265 + 0.0042 and a good R-value of 0.692 + 0.023, showing
the robustness and efficiency of the proposed neural network algorithm. As evident from Fig. 7,
the reconstructed tumors’ image contrast is also much better than other existing methods and
analytical methods.

The proposed network’s low MSE and high R values, and the accurate image reconstruction,
show that the regression-based neural network approach provides a viable and efficient alternative
to existing methods. It is the argument of the authors that this is due to solving the inverse
problem using the neural network before reconstruction instead of using datasets for image
reconstruction directly. Furthermore, multi-wavelength and structured light sources [46,47] can
be employed to enhance the efficiency of the proposed deep-learning diffuse optical tomography
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model, and transfer learning can be applied to bridge the gap between simulations and imaging
actual tissues paving the way for potential applications in biomedical optical engineering.
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